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Abstract
We study the influence of chain stiffness on droplet flow in a nano-channel,
coated with semiflexible hydrophobic polymers by means of non-equilibrium molecular-
dynamics simulations. The studied system is then a moving droplet in the slit channel,
coexisting with its vapor and subjected to periodic boundary conditions in the flow
direction. The polymer chains, grafted by the terminal bead to the confining walls,
are described by a coarse-grained model that accounts for chain connectivity, excluded
volume interactions and local chain stiffness. The rheological, frictional and dynamical
properties of the brush are explored over a wide range of persistence lengths. We find a
rich behavior of polymer conformations and concomitant changes in the friction proper-
ties over the wide range of studied polymer stiffnesses. A rapid decrease in the droplet
velocity was observed as the rigidity of the chains is increased for polymers whose per-
sistence length is smaller than their contour length. We find a strong relation between
the internal dynamics of the brush and the droplet transport properties, which could
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be used to tailor flow properties by surface functionalization. The monomers of the
brush layer, under the droplet, present a collective “treadmill belt” like dynamics which
can only be present due the the existence of grafted chains. We describe its changes in
spatial extension upon variations of polymer stiffness, with bidimensional velocity and
density profiles. The deformation of the polymer brushes due to the presence of the
droplet is analyzed in detail. Lastly, the droplet-gas interaction is studied by varying
the liquid to gas ratio, observing a 16% speed increase for droplets that flow close to
each other, compared to a train of droplets that present a large gap between consecutive
droplets.
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1 Introduction
Different forms of liquid flow under high con-
finement regime has gained attention in the
last years due to the importance in a broad
range of areas, like biology1–3, medicine4
and biotechnology5. Microfluidics deals with
flows in the pico-liter scale, focusing on accu-
rate manipulation of liquids and gases in mi-
cro and nano-channels. Lab-on-chip devices,
where complex biochemical reactions are au-
tomated, are an example of promising ap-
plications in this field. Although large-scale
industrial implementations are not available
yet6, microfluidic devices are widely used in
research laboratories4,5,7.
A low Reynolds number (Re) and a high
surface-area-to-volume ratio are characteris-
tics of micro and nano-fluidics. Under these
conditions, the flow is largely influenced by
the confining substrate, which determines the
boundary conditions. The no-slip boundary
condition, usually assumed in macro scale
calculations, is an approximation that is no
longer valid in the micro-scale8. Efforts are
being made to understand and control liq-
uids in the picoliter scale, by changing the
properties of the inner coating surfaces and
modifying the interaction with the confined
fluid. There are several factors that affect the
slip, including wettability, roughness, pres-
sure, temperature or presence of undissolved
gas and nanobubbles9. Several studies sug-
gest that surface roughness influences greatly
the boundary conditions of the flow9–13. A
hierarchical structuration has been reported
to reduce notably the friction14–16. There is
consensus that hydrophobic coatings reduce
friction, due to a weaker solid-fluid interac-
tion17,18, but the underlying mechanism re-
mains unclear19.
Droplet transport in micro and nanochan-
nels have been thoroughly investigated in the
last decade both theoretically10,20–22 and ex-
perimentally23–27. Multi-phase flows are im-
portant for chemical and biotechnological ap-
plications, because they allow complex phe-
nomena like chemical reactions, emulsions
and interfaces28,29 with the potential of tai-
loring technological applications. Cao et al10
studied, by Molecular Dynamics (MD) sim-
ulations, the flow of a droplet in coexistence
with its gas in a rough nanochannel. They ob-
served that the slip can be largely influenced
by the nano structuration of the hydropho-
bic walls. Slug flows are also present in poly-
mer electrolyte membranes of fuel cells20,30–32,
where water has to be eliminated from mi-
crochannels at a controlled rate, to maximize
the efficiency of the device. In this context,
Fukushima et al20 studied the friction be-
tween a droplet and the confining walls of
a microchannel, and its dependence on the
channel width. A review on droplet based
microfluidics can be found in Ref33.
Polymers tethered to a surface through
a terminal monomer (polymer brushes) are
good candidates to be used as coating in
microchannels, due to their responsiveness
to stimuli (pH, temperature, electric field,
etc) and the ability to modify the rheologi-
cal conditions34–39. Polymer brushes present
a very wide range of applications, like ph-
controlled nanopores40, catalysis in microre-
actors41 and cell adhesion and detachment
control42. The property of reducing friction
of polymer brushes has been reported theo-
retically43–46 and experimentally47–49. To un-
derstand this phenomenon, the boundary con-
ditions of liquids past fully flexible polymer
brushes has been extensively investigated,
and slip lengths of different orders of mag-
nitude have been observed47,50–57. In refer-
ence58, T. Kreer provides a recent and de-
tailed review about the lubrication properties
of polymer brushes.
Despite the numerous investigations in
the field, little attention has been given
to semiflexible polymer brushes under shear
flow. Semiflexible polymer chains are an
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adequate coarse-grained model of macro-
molecules, whenever the dimensions of the
macromolecule do not significantly exceed its
persistence length. Kim et al.59 studied via
mean field calculations and computer simu-
lations the response of semiflexible brushes
under shear flow, and found good agreement
between both methods in the high rigidity
regime. Deng et al.52 performed simulations
of flow in microchannels coated with semiflex-
ible polymers, to study glycocalyx fibers for
5 different values of bending rigidity. Flows
are compared keeping constant the channel
width, and varying the stiffness of the fibers.
Römer and Fedosov60 extend the study by
Kim et al.59 for high grafting densities, but re-
stricted to stiff polymers. On a recent study,
Singh et al.61 studied the trybological behav-
ior of polymer-coated bilayers via MD sim-
ulations, and found that the friction coeffi-
cient for semiflexible polymer brushes was
higher than for a fully flexible brush. The
comparison of both types of brushes is made
at equal effective width of the channel, but
different grafting densities. In a previous
work62, we performed a comprehensive study
of a nanochannel coated with semiflexible hy-
drophobic polymers, filled with a simple liq-
uid. We found that for low grafting densities
ρg, the rigidity of the chains has a direct in-
fluence in the slip length of the flow. To the
best of our knowledge there is no comprehen-
sive study of semiflexible polymer brushes in
shear flow, that analyzes the rheological and
chain properties of the system, covering the
whole range of chain stiffness, from fully flex-
ible polymers to very stiff rod-like polymers.
In this work, we perform MD simulations
of a liquid-gas two-phase flow in a slit-like
nanochannel, coated by a semiflexible hy-
drophobic polymer brushes (see Figure 1).
This can be thought as the flow of a train
of droplets through a brush-coated planar
nanochannel, taking into account the periodic
boundary conditions. The dependence of the
droplet’s velocity is analyzed by changing the
distance between consecutive droplets in the
axial direction of the channel, and varying
the rigidity of the polymer chains. We in-
vestigate the friction forces acting on the liq-
uid droplet due to the presence of a gaseous
environment and due to the confining poly-
mer brush, for a wide range of chains’ per-
sistence lengths. We also studied the defor-
mation of the soft substrate and the confor-
mational changes of the polymers due to the
liquid droplet, and how the brush-liquid in-
teraction varies with bending stiffness. Lastly,
the dynamics of the polymer’s free-end is ana-
lyzed individually and collectively. In section
2 we provide details of the out-of equilibrium
simulation technique, system geometry, phys-
ical conditions and molecular coarse-grained
description. In section 3 we present the sim-
ulation results, focusing on droplet dynamics
and single-chain and brush properties in suc-
cesive subsections. We finish our work with
a final discussion and concluding remarks in
section 4.
2 Simulation Technique
Coarse-grained molecular dynamics (MD)
simulations were performed at constant tem-
perature, volume and number of particles.
All particles interact with each other via a
truncated and shifted Lennard-Jones poten-
tial
U(r) = ULJ(r)− ULJ(rc), r < rc , (1)
where rc is the cut-off radius, and r is the dis-
tance between particles. Particle pairs whose
distance exceeds the interaction cut-off, do
not interact. The parameters of the Lennard-
Jonnes potential depend on the pair of inter-
acting particles
ULJ = 4εαβ[(
σ
r
)12 − (σ
r
)6] , (2)
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Figure 1: The system studied in this work
consists of a slit like nano-channel, whose
walls are separated by a distance Lz. Hy-
drophobic polymers anchored by a terminal
bead to the walls coat the channel, generat-
ing a soft substrate. A liquid droplet in co-
existence with its vapor fills the interior of
the channel. A constant external force is ap-
plied to every particle to generate net flow of
mass. D is the extent of the droplet in the
direction of the flow (xˆ) and L is the length
of the simulation box in the same direction.
Up: snapshot of the simulated system. Down:
Schematic representation of the system.
where the sub-indices α and β stand for the
different species. For monomer-monomer and
fluid-fluid interactions ε takes the value of
unity, and is the energy unit in the simu-
lations. For fluid-monomer interactions the
energy parameter was set to εmf = 1/3,
which encodes the chemical affinity between
the confining polymer brush and the liquid
that flows through the channel. This value of
εmf corresponds to a highly hydrophobic sub-
strate, giving droplet contact angles around
θc ∼ 145o. The cut-off radius for this inter-
actions was set to rc = 2.24σ, which is twice
the distance where the minimum of the po-
tential is located. This election for the cut-
off radius includes the attractive portion of
the potential, allowing for the coexistence of
a gaseous and a liquid phase. For monomer-
monomer interactions, the cut-off radius was
set to rc = 1.12σ, to exclude attractive forces
and simulate good solvent conditions. The
particle diameter and mass were set to σ = 1
and m = 1 for all species, and these parame-
ters are taken as the distance and mass units
respectively. The time unit can be written in
terms of these parameters as τ = σ
√
m/ε.
The connectivity of the N = 10 bead poly-
mers chains is provided by the wide-spread
Kremer-Grest model63:
UFENE = −1
2
kR20ln
[
1−
(
r
R0
)2]
, r < R0 ,
(3)
where the parameters were set to the usual
values k = 30ε/σ2 and R0 = 1.5σ. The
finitely extensible nonlinear elastic (FENE)
interaction is applied between consecutive
monomers in a chain to account for the con-
nectivity of each molecule.
To account for local stiffness of the poly-
mer chains, a harmonic bending potential was
implemented
Ubend(θ) = 1/2kbθ
2 , (4)
where the angle θ is defined between two con-
secutive segments along the molecule back-
bone. The orientation of consecutive seg-
ments and the angle θ are related through
the equation
cosθ =
(ri − ri−1)·(ri+1 − ri)
|ri − ri−1||ri+1 − ri| , (5)
where ri is the position of particle i.
The parameter kb is the bending constant,
which was varied in this work to modify the
rigidity of the polymer brush. To quantify
the rigidity of the chains, we introduce a di-
mensionless parameter lp/lc. The persistence
length lp is the distance over which segment
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orientation correlations are lost, and lc is the
contour length of the polymer. When the ra-
tio of this magnitude is high (lp/lc ≫ 1 ),
the polymer behaves like a rigid rod. On the
other hand, a polymer with a low value of this
quotient (lp/lc ≪ 1) behaves like a flexible
chain. To estimate the persistence length of
the polymers, we used the exponential decay
of the orientational correlation of the bonds
as in Ref64:
〈cos θs〉 = exp[−s·a/lp] , (6)
where s is the distance in monomer units, a is
the mean distance between beads. For consec-
utive segments (s = 1), this equation yields
lp = −a/ ln〈cos θ1〉 (7)
The Velocity Verlet scheme was imple-
mented to integrate the trajectories of the
particles in the simulation, with time step
δt = 3·10−4. Approximately 6·107 steps were
performed for each simulation, including ∼
106 relaxation steps. To maintain a constant
value of temperature during the simulations,
the dissipative particle dynamics (DPD) al-
gorithm was applied65–67. The equations of
motion are modified as follows:
F = FC + FR + FD , (8)
where FC is the sum of the conservative
forces, FR is a random force and FD is the
dissipative force. All forces are applied in
pairs, abiding Newton’s third Law, therefore
conserving momentum locally. For each in-
teracting pair, a random force is calculated
as follows:
FR = ζωR(r)ηrˆ , (9)
where r is the distance between particles, rˆ
is the unity vector joining a given pair of
particles, ζ is a parameter that modifies the
strength of the force, η is a random number
generated for each occurrence, and the weight
ωR is a function of the distance between par-
ticles. The dissipative Force is:
FD = −γωD(r)(rˆ·v)rˆ , (10)
where γ is the friction constant, v is the dif-
ference of velocities of the particles, and ωD is
also a weight function. The parameters and
functions were chosen to fulfill the fluctuation-
dissipation theorem, which happens for the
relations: ζ2 = 2kBTγ and ω
2
R(r) = ωD(r).
The usual choice for these weight functions
was made68, and the friction constant was set
to γ = 0.5. All simulations were performed
at a fixed temperature value T = 0.8ε/kB.
At this temperature, the Lennard-Jones fluid
separates into two phases: a liquid phase of
density ρl = 0.69σ
−3 , and a vapor phase of
density ρv = 0.03σ
−3.
Periodic boundary conditions were ap-
plied in the directions parallel to the walls (xˆ
and yˆ), while in the remaining direction (zˆ)
a purely repulsive and smooth 9-3 potential
Uwall was implemented to prevent the parti-
cles from escaping the simulation box and to
provide a planar channel geometry for the sys-
tem.
Uwall(z) = Aw
[(
σ
z
)9
+
(
σ
z
)3]
, (11)
with Aw = 3.2. The simulations box dimen-
sions are Lx × Ly= 13.42σ × Lz, where the
length of the simulation box in the flow direc-
tion was varied between 35σ < Lx < 900σ,
and wall to wall distances were adjusted in
the range 30σ < Lz < 40σ.
The polymer brush is composed of linear
polymer chains of N = 10 beads each, with
a terminal monomer fixed to a wall. The
grafting density (number of chains per unit
area) was set to ρg = 0.05σ
−2 for all simu-
lations, and the grafted sites were arranged
in an ordered square lattice of parameter
al = 1/
√
ρg = 4.47σ. A uniform distribution
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of grafting sites was chosen to avoid large in-
homogeneities in the polymer density profile
that can appear in small system with low ρg
when the chain heads are randomly scattered.
We think that this way of distributing the
chains is more representative than the ran-
dom like, because the latter can produce sin-
gular physical phenomena that depend on the
particular arrangement of the polymers, spe-
cially for the relatively small samples used in
the simulations.
To favor a perpendicular orientation of
the polymers with respect to the channel
walls, a virtual bead is added to each poly-
mer chain in the bending force calculation.
This virtual bead is placed below the grafted
monomer, and when the bending force is cal-
culated, the bond between this bead and
the grafted end-bead is used to calculate a
bending force on the second bead of the
chain. This force tends to align the first mo-
bile monomers of the chain in the direction
perpendicular to the wall, and to induce a
stretching of the polymers towards the center
of the channel.
An external force is applied to all parti-
cles in the system during the simulations to
create a flow, and take the system out of equi-
librium. This body force is constant and is
applied in a direction parallel to the walls of
the channel (xˆ). The value fext = 0.002ε/σ
was chosen to obtain particle velocities in the
range 0.1σ/τ < v < 0.5σ/τ which are high
enough to extract significant data in a reason-
able computation time, and is low enough to
be in a near-equilibrium regime.
3 Results
3.1 Liquid - Polymer Brush In-
terface
In this section we analyze the interaction be-
tween semiflexible polymers grafted to the in-
terior walls of the nanochannel and a liquid
drop flowing through it. The polymer-liquid
interaction potential parameters were chosen
such that the droplet is in super-hydrophobic
regime ( Casie-Baxter state). We focus our at-
tention on the influence of the polymer rigid-
ity on the droplet flow, which is studied by
varying the bending constant kb (see Eq. 4)
in the range 0 ≤ kb ≤ 160ε or, in terms of
persistence length over contour length, in the
range 0.1 ≤ lp/lc ≤ 20. The length of the
channel in the xˆ direction was set to L = 107σ
for this set of simulations, while the exten-
sion of the droplet in the same direction is
approximately D = 30σ. The droplet tra-
jectory is tracked, and the mean velocity is
calculated performing a linear fit. Details of
the non-trivial tracking algorithm for the cen-
ter of mass of the droplet are presented in the
Supporting Information. It is not straight for-
ward to compare systems with different de-
grees of local stiffness, because the polymer
extension depends strongly on kb. A hard
bending potential will give rise to a polymer
brush of larger height, consequently decreas-
ing the effective width of the channel and
compressing the droplet. We kept constant
the effective channel width in order to isolate
the influence of bending rigidity on the flow,
by comparing the shape of the droplets in-
side the channels. To maintain the shape of
the droplet similar for all the studied bend-
ing rigidities, it is necessary to adjust the dis-
tance between walls (Lz). The case of totally
flexible chains (kb = 0) was taken as refer-
ence to compare the two-dimensional density
profiles of the droplets. For each system (i.e.
for each value of bending constant kb), various
simulations were performed for different chan-
nel widths (Lz), to find the droplet shape that
most resembles the reference case. Details of
this procedure are provided in the Supporting
Information.
In Figure 2 the droplet velocity is plotted
against bending rigidity. The large error bars
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Figure 2: Droplet velocity versus persis-
tence length of the polymers. Two differ-
ent regimes can be observed: for persistence
length smaller than the contour length, the
velocity diminishes rapidly. For persistence
lengths greater than the contour length, the
droplet’s velocity decreases with persistence
length, but at a much more slower rate.
The inset shows the droplet velocity plotted
against the persistence length in a semi-log
graph to highlight the behavior at low persis-
tence lengths.
are due to the uncertainty to determine the
channel width (Lz), to obtain similar droplets
for all bending rigidities. To quantify the
rigidity of the polymers, we utilized the di-
mensionless parameter lp/lc, where lp is the
persistence length and lc is the contour length,
as explained in section 2. For persistence
lengths (lp) smaller than the contour length
(lc), the velocity of the droplet decays rapidly
with increasing stiffness, while for lp/lc > 1
the velocity of the droplet decreases slowlyer
with rigidity. The general tendency is that in-
creasing the rigidity of the polymer, reduces
the droplet velocity.
To gain insight into the friction depen-
dence on chain stiffness, the average of the
product of the density profiles between liquid
and brush is plotted against rigidity in Fig-
ure 3. This quantity is proportional to the
number of brush-liquid interactions69. It is
Figure 3: Average of the product of liquid and
brush densities. It is proportional to the num-
ber of interactions between brush and droplet.
Insets: morphology of the brush polymer
layer for fully flexible polymers, lp/lc = 0.1
(left) medium stiffness, lp/lc = 1.1 (center)
and very high stiffness, lp/lc = 11 (right).
The vapor particles are not shown in order
to have a clear visualization of the polymer
chains.
interesting to observe the non-monotonic de-
pendence of the number of monomer-droplet
particle interactions with the polymer rigidity
(see Figure 3). As shown in the left inset of
Figure 3, the fully flexible chains ( lp/lc ≪ 1)
are in a mushroom regime. The polymers
wrap themselves to maximize conformational
entropy and do not penetrate the liquid phase
so frequently. More rigid polymers (lp/lc ≃ 1)
adopt a banana-like shape, due to the drag
force exerted by the liquid droplet. This ex-
poses more beads of each chain to the droplet,
thus increasing the number of brush-liquid in-
teractions. On the other hand, highly rigid
polymers (lp/lc ≫ 1) tend to extend them-
selves in the direction perpendicular to the
substrate. The low inclination angle of these
stiff polymers hinders the non-terminal beads
from reaching the liquid phase. Only the free
end-bead monomers of each chain are in con-
tact with the droplet, thus reducing the num-
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ber of collisions. It is important to note that
the hydrophobicity between liquid and poly-
mers warrants a Cassie-Baxter regime in all
cases, but with a significantly different struc-
ture of the polymer brush. The number of
monomer-liquid interactions alone cannot ac-
count for the dependence of the droplet ve-
locity on bending rigidity, observed in Fig. 2.
This implies that there is another property of
the system that varies with lp and explains
the decrease in the flow.
The 2-dimensional terminal-bead distribu-
tion density (see Figure 4) shows how the
brush is deformed by the liquid droplet, for
different values of bending rigidity. In every
case the brush near the advancing end of the
droplet (right) is denser than near the back
(left). This is due to the liquid particles collid-
ing with the polymers, pushing them forward,
squeezing the monomers near the advancing
end of the droplet. It is also observed that
the brush composed of slightly rigid chains
(lp/lc = 0.33) suffers a stronger deformation
by the droplet, than the brush composed of
fully flexible polymers (lp/lc = 0.1). The
latter is denser, hence there are more ex-
cluded volume interactions impeding the com-
pression of the brush. For very rigid chains
(lp/lc ≥ 6.4), the end-bead distribution nar-
rows, and its mean value gets closer to the
center of the channel, due to the polymer elon-
gation in zˆ.
To analyze the collective motion of the
brush, the terminal-beads momentum vector
field is plotted over the density profile (black
arrows in Figure 4). From this graph it is pos-
sible to extract qualitative information about
the dynamics of the polymer brush. First, it
can be noted that for all degrees of stiffness,
the polymers that are in contact with the ad-
vancing end of the droplet (right side in Fig.
4), tend to have a velocity in the direction of
the flow and towards the wall. The droplet
collides with the polymers in the flow direc-
tion, and compresses the brush towards the
Figure 4: The polymer’s end-bead distribu-
tion is shown as a color map. Green and
yellow zones represent high presence of ter-
minal monomers, while blue zones represent
low density of terminal beads. The red ar-
rows, composing a vector field, represent the
mean momentum of the end-beads of the
polymers. These graphs are presented for var-
ious rigidities, from top to bottom: lp/lc =
0.1; 0.72; 2.9; 8.3.
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channel walls. Second, near the receding con-
tact angle of the droplet (left region of the
graphs in Fig. 4), the brush has a mean ve-
locity towards the center of the channel, in
the zˆ direction. The liquid applies a force
on the brush perpendicularly to the grafting
plane (zˆ), pressing the end bead of the chains
near the wall. When the droplet passes, the
force on the chains is no longer applied, and
the free ends rise towards the center of the
channel.
In third place, for flexible polymers, the
layer in contact with the liquid droplet has
a positive mean velocity, while the terminal
monomers near the wall have a mean veloc-
ity in the direction opposite to the flow. This
collective dynamics resembles the motion of
a treadmill belt. A similar behavior has been
reported for flexible polymer brushes under
shear: a velocity profile which is negative in
the interior of the brush layer , and positive
near the brush-liquid interface70,71. This ve-
locity profile is the result of individual poly-
mers performing a cyclic motion, which con-
sist of polymers stretching in the direction of
the flow after spontaneous excursions inside
the liquid driven by thermal fluctuations. Af-
terwards the chains retracts to the grafted
site closer to the wall, to maximize their
configurational entropy. The bending poten-
tial hinders the cyclic motion of the polymer
chains, because it competes with the configu-
rational entropy, stretching the chains and in-
hibiting the retraction movement62. Increas-
ing the persistence length of the polymers,
flattens the velocity profile of the polymer
brush.
To exhibit the influence of the brush dy-
namics on the flow observed in Figure 4, we
examined the velocity of the brush in con-
tact with the liquid. As mentioned before,
the region of space where brush and droplet
interact will be given by the overlap of the
liquid density ρl(r) and brush density ρb(r).
Zones of high brush-droplet interaction are
portrayed by a high value of the product
of the liquid and brush densities ρl(r)·ρb(r),
while a null value of ρl(r)·ρb(r) indicates van-
ishing brush-liquid interaction. We define the
brush boundary layer velocity as:
v
(BL)
b ≡
´
drρl(r)ρb(r)vb(r)´
drρl(r)ρb(r)
, (12)
where vb(r) is the velocity field of the
monomers composing the polymer brush,
ρb(r) and ρl(r) are the brush and liquid num-
ber densities, respectively. This magnitude
(v
(BL)
b ) is the weighted average brush velocity,
where the weight is given by the product of
the brush and liquid densities. To take into
account only the liquid phase, and leave the
vapor contribution out, we set the liquid den-
sity to ρl(r) = 0, if the fluid density is below
the average of the equilibrium liquid and gas
densities. Analogously we define the liquid
boundary layer velocity as:
v
(BL)
l ≡
´
drρl(r)ρb(r)vl(r)´
drρl(r)ρb(r)
, (13)
which can be interpreted as the mean veloc-
ity of the liquid in contact with the polymer
brush. vl(r) is the velocity field of the liquid
phase.
The brush boundary layer velocity (v
(BL)
b )
and the liquid boundary layer (v
(BL)
l ) velocity
are plotted against persistence length in Fig-
ure 5. v
(BL)
l is closely related to the effective
slip boundary condition of the flow of the sim-
ple liquid inside the channel, used in hydro-
dynamic calculations. Assuming a poiseuille
flow near the center of the liquid phase, the
droplet velocity should depend linearly on the
slip velocity vs, with a slope equal to one. In
the inset of Figure 5, the droplet velocity (vd)
is plotted against v
(BL)
l . It can be observed
that vd varies linearly with the liquid bound-
ary layer velocity v
(BL)
l , with a slope of 0.87.
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Figure 5: Velocity of the brush (black circles)
and liquid (red squares) in the brush-liquid
interface are plotted as a function of persis-
tence length. The difference between these ve-
locities, shows how the liquid boundary layer
passes over the brush boundary layer (open
green diamonds). Inset: droplet velocity ver-
sus the liquid boundary layer velocity. The
liquid boundary layer velocity is closely re-
lated to the effective slip boundary condition
for the flow.
Therefore, we can roughly identify v
(BL)
l as
the effective slip boundary condition imposed
by the polymer brush on the droplet flow.
It is interesting to analyze the brush
boundary layer velocity v
(BL)
b as rigidity in-
creases (see black circles in Figure 5). For
flexible polymers (lp/lc ≪ 1), v(BL)b has the
same order of magnitude as the droplet ve-
locity, while for stiff chains (lp/lc ≫ 1), v(BL)b
drops to zero. The overall average brush ve-
locity is null, because the chains are grafted
to the static walls. The dynamics of the flex-
ible polymers in the brush reduces the fric-
tion between liquid and substrate, by adopt-
ing a positive velocity near the liquid and a
negative velocity near the wall (see Figure
4). As chain stiffness increases, the cyclic mo-
tion of the polymers is hindered, because the
bending rigidity impedes the wrap and recoil
movement62. This “treadmill belt” like dy-
namical behavior of the chains affects heavily
the final velocity of the droplet. The corre-
lation coefficient between the droplet veloc-
ity and the brush boundary layer velocity is
corr(vd, v
(BL)
b ) = 0.91. To the best of our
knowledge, there is no previous quantitative
work that shows that the internal dynamics of
a polymer brush can affect the droplet flow.
We also define the δv as the difference
between the liquid boundary layer velocity
v
(BL)
l and the brush boundary layer velocity
v
(BL)
b . This magnitude measures how the liq-
uid boundary layer passes the brush bound-
ary layer. δv maintains a fairly constant value
in the range lp/lc < 4, and for lp/lc > 4 there
is a sudden increase. This change in the be-
havior of δv coincides with the decrease of the
number of polymer-liquid interactions (see
Figure 3). We think that the liquid boundary
layer velocity relative to the brush boundary
layer increases with rigidity, due to the de-
crease of polymer-liquid interactions.
To summarize the effect of polymer’s
bending rigidity on flow properties, we can
11
distinguish two factors. First, the internal
dynamics of the polymers facilitates the liq-
uid flow for flexible polymers. This effect
is hindered as the chain’s bending rigidity
increases. Secondly, the way in which the
closest layers of liquid and brush slide past
each other. The sliding of liquid relative to
the brush is enhanced for large persistence
lengths (lp/lc > 1). These two effects com-
pete with each other, and the overall brush
motion seems to have a more determinant role
on the droplet’s velocity.
3.2 Brush and chain properties
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Figure 6: End-to-end brush vector compo-
nent in the flow direction (xˆ) versus position
(x), normalized by the droplet size (D). Data
is analyzed in the droplet frame of reference,
where the center of mass of the droplet is al-
ways on x = 0. Inset: Maximum inclination of
the end-to-end brush vector component in the
direction of the flow (xˆ) versus rigidity (lp/lc).
A non-monotonic behavior can be observed
as the rigidity of the polymers increases (see
text).
In the previous section we have shown
that the dynamics of the polymer chains
affects the rheological properties inside the
nano-channel. The influence of brush defor-
mations on friction forces has also been re-
ported in a recent study72. Therefore, it is
worth studying the conformation and dynam-
ical behavior of the polymer brush.
To quantify the deformation of the brush
in the flow direction (xˆ), the xˆ component of
the end-to-end vector (R) is plotted against
the x coordinate for various degrees of rigidity
in Figure 6. It can be observed that near the
center of mass of the droplet (x = 0), the in-
clination of the chains reaches a maximum in
all cases. This is due to droplet passing over
the polymer brush, elongating the chains in
the direction of the flow. The graph shows
that the chain inclination profiles depend on
the rigidity in a non-monotonic way. To ex-
pose this dependence, the maximum inclina-
tion is plotted versus the persistence length
of the chain (see Inset of Figure 6). Flexible
chains (lp/lc < 1) tend to wrap themselves, to
maximize their configurational entropy. In-
creasing the bending rigidity induces a co-
herent stretching along the chain, increasing
the distance between the terminal monomers
of the chains. When the persistence length
(lp) is similar to the contour length (lc) the
displacement of the chains reaches a maxi-
mum (lp/lc ≃ 1), and for lp/lc > 1 it de-
creases. The first bond of the polymer chains
is oriented perpendicular to the wall (see sec-
tion 2), which favors a vertical direction of
elongation. For lp/lc ≫ 1 the angles be-
tween consecutive bonds are strongly corre-
lated through the whole chain, thus the ori-
entation of the first bond (in zˆ) endures until
the last monomer. In this regime, bending
forces hinder the bonds to reach large angles
between consecutive monomers, therefore the
elongation of the chains takes place mainly in
the direction perpendicular to the wall and
not in the parallel direction.
In Figure 7, the profile of the vertical com-
ponent of the end-to-end vector (Rz) is pre-
sented for every studied bending rigidity. The
height of the brush increases monotonically
with the bending rigidity, and in all cases
the profile of Rz presents a minimum near
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Figure 7: Profile of the end-to-end brush vec-
tor component in the direction perpendicu-
lar to the walls (zˆ) versus x coordinate, in
the droplet frame of reference . The horizon-
tal axis is normalized, dividing by the length
of the droplet in the direction of the droplet
velocity. Inset: Mean value of Rz unper-
turbed (black circles) and under the droplet
(red squares) in a log-log plot. The dashed
line is the scaling law predicted by Mean Field
theory73.
the droplet’s center of mass. The droplet
applies pressure on the polymer brush, de-
creasing its height locally. To have a bet-
ter visualization of the the behavior of the
polymers, the mean height of the polymers
in the presence of the droplet |x| < Ddroplet
and far away from it |x| > Ddroplet are plot-
ted against rigidity, in the inset of Figure 7.
The height of the brush, unaffected by the
droplet, scales as h ∝ l1/4p with persistence
length (dashed line), and for lp/lc ≫ 1 the in-
crease rate diminishes due to finite extension
effects. The scaling law of brush height with
persistence length was first proposed by Bir-
shtein and Zhulina73 for semiflexible polymer
brushes in mushroom regime (see Table I). A
similar behavior for the unperturbed brush
height was also observed by Kim et al.59, who
performed Lattice-Boltzmann and Brownian-
Dynamics simulations (see their Figure 3b),
and by Milchev and Binder74 by MD simu-
lations (see their Figure 2b). The vertical
extension of the polymers under the droplet
(red squares) follows basically the same be-
havior, but with small deviations. These are
due to the different compressibilities of the
brush, which vary with the bending rigidity.
To quantify the perturbation of the brush
due to the presence of the liquid, in Fig-
ure 7, we calculated the mean value of the
unperturbed brush height minus the mini-
mum of the Rz(x) profile. This is plotted
as a function of bending rigidity in Fig. 8
(black circles). The deformation of the brush,
caused by the presence of the droplet, is
maximum for persistence lengths similar to
the contour lengths (lp/lc ≃ 1). Fully flex-
ible polymer-brushes (lp/lc ≪ 1) are more
dense than brushes composed of semi-flexible
chains, and the excluded volume interactions
between monomers hinders the compression
of the brush. In the other extreme, very rigid
polymers (lp/lc ≫ 1) are also difficult to com-
press vertically, because chains are strongly
stretched in the direction perpendicular to
the wall, to reduce the elastic energy. A com-
pression towards the wall requires a high en-
ergy to compensate the increase in elastic en-
ergy. In between these regimes (lp/lc ≃ 1),
the brush deformation reaches a maximum.
In this case the segments in each chain elon-
gate coherently in a defined direction, and
the polymers adopt a banana-shape configu-
ration, when compressed by the droplet. This
particular conformation allows for an easier
compression than the fully flexible chains, be-
cause in this range (lp/lc ≃ 1), the bending
potential is softer than the excluded volume
potential.
The dynamics of the polymer chains
change qualitatively with the bending con-
stant kb. The standard deviation of the
end-to-end vector distribution quantifies the
movement of the free end of each chain with
respect to its mean position. By calculating
the standard deviation of Rz for polymers
under the droplet and far away from it, it
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Figure 8: Difference between vertical stretch-
ing of the polymers under the droplet and far
away from it (black circles). This magnitude
quantifies the deformations of the brush in
the directions perpendicular to the wall, due
to the presence of the droplet. In red squares,
it is shown the mean displacement of the end-
to-end vector under the droplet with respect
to the unperturbed displacement in the direc-
tion perpendicular to the wall. This magni-
tude gives an idea of the typical movement of
the polymer’s end-bead, and how it changes
in the presence of the droplet. For low rigidi-
ties the displacement is hindered, while for
high rigidities the end-bead movement is en-
hanced.
is possible to shed light on the influence of
the liquid in the dynamics of the chains. In
Figure 8 the difference between the mobility
of the terminal bead in the presence of the
liquid and far away from the droplet is plot-
ted against stiffness (red squares). A negative
value means that the presence of the droplet
hinders the motion of the chains, while a posi-
tive value means that the interaction droplet-
brush enhances chain mobility. For flexible
polymers, the space that the terminal bead
can explore is limited by the contour length
of the polymer, due to the connectivity of the
molecule. In the presence of a droplet, the
available space to explore is reduced, as the
chain does not penetrate significantly in the
liquid phase. This leads to a reduction in
the mobility of the polymers. Stiffer poly-
mers extend in the direction perpendicular
to the wall (zˆ), and in the presence of a liq-
uid droplet they bend, forming an arc. For
lp/lc > 1.4, the bending potential is hard
enough such that the curved chains elongate
frequently in zˆ, and penetrate in the droplet.
This leads to an increase in the chain mobility
in the direction perpendicular to the wall.
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Figure 9: Time autocorrelation function of
the xˆ component of the end to end vector
for different values of rigidity. The values of
relative stiffness lp/lc are shown in the legend.
To gain further insight in the mean indi-
vidual polymer dynamics, the time autocor-
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relation function of the end-to-end vector in
the direction of the flow was calculated for
several values of stiffness (see Figure 9). This
quantity is defined as
Cx(t) =
〈Rx(0)·Rx(t)〉 − 〈R2x〉
〈Rx〉2 − 〈R2x〉
, (14)
where 〈f〉 denotes the time average of f . The
effect of the bending forces is evidenced in
the oscillatory motion of the stiffest chains
lp/lc ≫ 1. As expected, the more rigid the
bending potential, the higher the oscillation
frequency. For lp/lc < 3 no oscillatory motion
can be observed. A decay of Cx(t) → 0 can
be observed in all cases, which corresponds to
the decorrelation of the trajectory of the free
end of the polymers.
3.3 Fluid Dynamics
In this section we study the properties of
the two-phase liquid and gas flows in the
nanochannel. The fluid velocity at z = Lz/2
is plotted as a function of the x coordinate
in Figure 10 for a long channel (L = 900σ).
The droplet, located in x < 48σ, has a higher
velocity than the gas (x > 48σ). The velocity
of the gas near the droplet matches the ve-
locity of the liquid, and then decays exponen-
tially to the terminal velocity v∞ = 0.85σ/τ .
By fitting the velocity profile of the gas with
an exponential function, the characteristic re-
laxation length of the gas was found to be
lrel = 107σ.
The internal velocity field of the droplet
is shown in the inset of Figure 10. A recir-
culation flow is observed with two stagnation
points near the brush-liquid interface. Sim-
ilar vector fields were reported by Günther
et al.23 for experiments on liquid segments in
microchannels, in coexistence with gas (see
their Figure 5b). This internal flow affects
the droplet velocity, due to the viscous dissi-
pation.
Figure 10: Fluid velocity in the direction of
the flow (xˆ) as a function of the x coordinate
(in log scale). The droplet (x < 48σ) travels
at a higher velocity than the vapor phase (x >
48σ). It is also possible to observe that gas
velocity decays exponentially with x. Fitting
the fluid velocity by an exponential function,
a relaxation length (lrel) was obtained for the
gas lrel = 107σ. The terminal velocity of the
gas v∞(far away from the droplet) coincides
with the simulations done in the absence of
a liquid phase. Inset: 2-dimensional density
profile of the droplet, with the liquid velocity
field overlayed. The velocities are calculated
in the frame of reference of the center of mass
of the droplet.
The difference between the gas and liquid
velocities implies that the droplet moves rel-
ative to the surrounding gas. Therefore, the
liquid suffers a drag force applied by the co-
existing vapor. If the channel is not long
enough to allow for the gas phase to relax
(L ≤ 2lrel) and adopt its terminal velocity,
then the mean gas velocity will be closer to
the velocity of the droplet. Because the gas
friction force is proportional to the velocity
difference between vapor and droplet, in a
short channel the friction will be lower, thus
producing a faster moving droplet, as seen in
Figure 11. This can be also observed by not-
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ing that due to the periodic boundary condi-
tions in xˆ , the channel length L is equal to
the distance between consecutive droplets in
an infinitely long channel. The system rep-
resents a train of droplets, each at a fixed
distance, given by L. If the distance between
adjacent droplets is large, then the gas be-
tween them relaxes and adopts the terminal
gas velocity v∞. This will enhance the veloc-
ity difference between gas and droplet, which
is proportional to the friction force, thus slow-
ing the droplets down.
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Figure 11: Droplet velocity (vd) as a func-
tion of the channel length (L). Extending
the channel length L is equivalent to increas-
ing the distance between consecutive droplets,
due to the periodic boundary conditions ap-
plied in the simulations. This graphic shows
that the closer the droplets are to each other,
the faster they move through the channel. In-
set: Droplet velocity (black circles) plotted
against surrounding gas velocity. Each point
corresponds to a different channel length.
The red continuous line is the linear regres-
sion of the data.
To portray the gas-liquid interaction, a set
of simulations were performed only varying
the length of the simulation box in the x di-
rection, L. The bending constant was fixed
to kb = 0, and the number of liquid particles
in the droplet was set to (nd ≃ 4200). In
Figure 11, the velocity of the droplet is plot-
ted against channel length L. Despite main-
taining the number of particles in the droplet
constant (nd ≃ 4200), and applying the same
total external body force on them, the droplet
velocity varies significantly (∼ 16% ) with L.
To verify the model of drag friction be-
tween gas and liquid (fg = −γgas(vd − vgas)),
the equation of motion of the droplet can
be examined. The dissipative forces are pro-
portional to the droplet velocity20,22,53 fdis =
−αηvd, where η is the liquid viscosity, and
α is a constant of the order of unity. The
total driving force is the sum of the body
forces applied to each particle in the droplet
Fext = ndropfext. The sum of all forces acting
on the droplet must be zero on average, be-
cause the trajectory of the droplet describes
a uniform linear motion:
0 = ndropfext − γgas(vd − vgas)− αηvd (15)
Solving for the droplet velocity yields:
vd = vgasγgas/(γgas+ηα)+ndropfext/(γgas+ηα)
(16)
By plotting the velocity of the droplet (vd)
versus the surrounding gas velocity (vg), we
validate the drag model (see Inset of Figure
11). vd varies linearly with vg, as given by Eq.
16. Following Eq. 16, the friction coefficients
can be estimated. We note that the influence
of the gas on the droplet velocity depends on
the relative coexistence densities of the vapor
(ρv) and liquid (ρl) phases at the given tem-
perature. In this case the temperature was
fixed at T = 0.8ε/kB, and the coexisting den-
sities ratio ρl/ρv = 0.7σ
−3/0.03σ−3 ≃ 23. We
remark that the gas-liquid friction can have
an important influence in two phase flows,
and should be taken into account in rheologi-
cal analysis in nano-channels.
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4 Concluding Remarks
We studied a liquid droplet coexisting with its
vapor, flowing through a nano-channel, whose
walls are coated with hydrophobic semiflexi-
ble polymer brushes. It is important to note
that the droplet does not wet the brush, be-
ing in a Cassie–Baxter state.
We studied the influence of the bending
rigidity of the polymers on the flow, main-
taining the droplet shape and mass constant.
We explored a wide range of bending stiff-
ness, which expressed as the ratio of persis-
tence lp over contour lengths lc of the polymer
chains, belong to the range: 0.1 < lp/lc < 20.
We found that the center of mass velocity of
the droplet decreases with increasing bend-
ing constant. In particular, for the range
lp/lc < 3 the velocity of the droplet decays
faster with increasing bending rigidity, than
for stiffer polymers in the range lp/lc > 3. In
order to have a better understanding of these
results, we investigated the velocity field of
the free terminal bead of the polymers. For
flexible polymers (lp/lc < 3) this velocity
field shows that the monomers near the liq-
uid move in the same direction as the droplet,
while the terminal beads that are nearer to
the substrate move in a direction opposite
to the flow. This collective "treadmill-belt"
dynamics of the chains gives rise to a posi-
tive velocity field of the brush in contact with
the liquid, that allows for a faster droplet
transport through the channel. For lp/lc > 3
the space explored by terminal beads of the
grafted chains is reduced, due to the bending
rigidity and no cyclic motion is observed, thus
reducing the droplet’s velocity. The liquid
boundary layer velocity relative to the brush
boundary layer shows a significant increment
around lp/lc ≃ 4. We attribute this to the
decrease in the number of liquid-polymer in-
teractions, but further investigations should
be carried out to unravel this completely.
We analyzed in addition, the deformation
of the polymer brush as a function of rigid-
ity. The elongation of the chains in the flow
direction presents a maximum for polymers
whose persistence length is equal to the con-
tour length (lp/lc ≃ 1). For this value of
bending rigidity, the maximum compression
relative to the unperturbed brush is observed.
The height of the polymers as a function of
persistence length was also examined, show-
ing a good agreement with mean field theo-
ries73,75 for lp/lc ≤ 4.
For the droplet flowing in coexistence with
its gas, we observe that the velocity of the gas
phase decays exponentially as the distance
from the droplet increases. The length of the
simulations box was changed to modify the
distance between consecutive droplets, there-
fore varying the velocity at which the droplet
encounters the gas. The droplet-vapor fric-
tion force was found to depend linearly on
the velocity difference between droplet and
its surounding gas, as expected in a proposed
drag model. Reducing the distance between
consecutive droplets increases the velocity of
the flow.
Increasing the understanding of droplet
flow through brush-covered surfaces offers a
great opportunity to control droplet flow by
taking advantage of the enormous versatil-
ity of polymer brushes as surface-modifiers.
This is of great importance for microfluidics
and other technological applications. Hope-
fully the simulation results presented in this
work can be compared with upcoming exper-
iments.
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